Conductance fluctuations in molecular transport junctions are a major barrier to the construction of reliable molecular-based circuitry. 1, 2 The fluctuations arise from changes in the junction structure between successive junction rupture and reformation events or due to thermal motion. 3 Therefore, developing strategies to suppress conductance fluctuations relies critically on understanding the structural origins of the fluctuations. For instance, following a study 4 that showed that the conductance through biphenyl molecular wires depends on the dihedral angle between the phenyl rings, Kiguchi et al. 5 synthesized a rotaxane structure to limit changes in the dihedral angle, thereby suppressing the conductance fluctuations. For simpler molecules, such as benzene-1,4-dithiolate (BDT), the conductance fluctuations are typically attributed to changes in the metalmolecule contact geometry (bonding site and tilt angle). [6] [7] [8] However, the electrode geometry may play an increasingly important role for systems involving mechanical elongation and deformation of the junction. [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] For example, Au-thiolate bonding results in significant deformation of the electrodes in break junction experiments. Several groups [10] [11] [12] have recently investigated the role of Au-thiolate bonding in break junction environments, but the exact structural origins of the conductance behavior remains unclear. Many computational studies have been performed to elucidate these features, [16] [17] [18] [19] however, almost all have considered idealized electode geometries which may not be fully representative of the experimental counterparts. Here, we compare Au-BDT-Au junctions with structurually ideal vs. realistic features to understand (1) the origins of conductance fluctuations and (2) how ideality may influence the conclusions drawn from computation.
To evaluate the effect of junction structure on conductance, we perform atomistic simulations combined with conductance calculations; in this approach, snapshots are periodically extracted from the simulations and then used as input in electron transport calculations. Previous studies 16, 17 of this kind focused on ideal geometries with a single molecule sandwiched between two flat surfaces. Here, we focus on geometries that are more representative of those likely to appear in widely used break junction experiments. [2] [3] [4] [5] [6] [8] [9] [10] [11] [13] [14] [15] In addition to simulations where all atoms are dynamic, we perform two separate simulations (from the same starting point) for each junction where either the BDT geometry or Au geometry is fixed. The BDT geometry (i.e., intramolecular geometry and Au-BDT contact geometry) is fixed by treating the molecule (including the Au atoms covalently linked to the BDT) as a rigid body. In separate simulations, the positions of the Au atoms are fixed while the BDT is free to move. By eliminating specific degrees of freedom within our simulations, we are able to determine the independent contributions of changes in the Au and BDT geometries to the conductance fluctuations. It is apparent from the relative peak widths in the fixed BDT results that the role of the electrodes becomes increasingly important as the electrodes are deformed. For the ideal junction, the Au atoms are closely bound to their lattice sites and thus do not contribute significantly to the conductance fluctuations. In fact, the fully dynamic peak width is completely resolved in the fixed Au simulation, indicating that the conductance fluctuations are dominated by the ability of BDT to explore configuration space. The situation changes for junction 2, as the fully dynamic peak width is not completely resolved from the fixed Au simulation. This suggests that the motion of the electrodes facilitates the sampling of a greater range of contact geometries. For junction 3, the peak widths are similar for the three types of simulations, albeit slightly wider for the fully dynamic simulation, which demonstrates the importance of the interplay between Au and BDT geometry in these systems; that is, changes in the BDT geometry are often enabled by changes in the electrode geometry, and vice versa. Importantly, the peak width in the fixed BDT simulation is larger than that for the fixed Au simulation, indicating a transition in the primary origin of conductance fluctuations from changes in the molecule geometry to changes in the Au geometry. We attribute this transition to the enhanced dynamic structural fluxionality 21 (lengthening and weakening of Au-Au bonds) in the top tip of junction 3. To support this explanation, we calculate the root-mean-square deviation (RMSD) of the position of the Au atom bonded to BDT relative to its average position.
In cases where multiple Au atoms are bonded to BDT, the Au atom that is on average closest to the bonded S atom is considered. As shown in Figure 1 , the peak widths scale with the RMSD magnitude. With the BDT geometry fixed, the top tip in junction 3 exhibits the highest RMSD due to its low coordination. In the fully dynamic simulations, junction 2 produces the highest RMSD, which is consistent with its large spread in conductance. The high RMSD results from electrode rearrangements, contributing to the mobility beyond simple fluctuations about a single position. In summary, we have investigated conductance fluctuations in structurally distinct Au-BDT-Au junctions. We demonstrated that conductance fluctuations in non-ideal junctions are higher than those in an ideal junction. We also showed that while changes in the molecule geometry dominate conductance fluctuations in structurally ideal junctions, the enhanced motion of the Au atoms in deformed electrodes leads to an increased contribution to the conductance fluctuations from changes in the electrode geometry. The minimal role of Au geometry in flat-surface junctions and its significant role in highly deformed junctions highlight the importance of controlling structure in single-molecule conductance measurements. These results also show that conductance fluctuations in thiolate-based break junctions, where significant deformation to the electrodes occurs, 10, 11, 13 may be difficult to control as both the molecule and electrode motion make significant contributions to the fluctuations. The presence of other complex bonding arrangements (e.g., Au-S-Au-S-Au "staple" motifs 22 ) at the Au-S interface may further complicate this issue. 23, 24 In contrast, linkers with weaker coupling (e.g., amines) are unlikely to result in the formation of structures such as AuAu 2 -Au, and thus efforts to control molecular motion 5 may prove highly effective for controlling conductance fluctuations. This work also demonstrates the importance of the choice of electrode used in computational studies.
Computational Methods
Hybrid Molecular Dynamics-Monte Carlo Simulations. In this study, we simulate three structurally distinct junctions: BDT connected between two perfectly flat Au(100) surfaces (junction 1), two curved tips (junction 2), and a curved tip and a Au-Au 2 -Au structure (junction 3). Junctions 2 and 3 were constructed via a hybrid molecular dynamics-Monte Carlo (MD/MC) simulation approach, 25, 26 and were selected as they represent two extremes of the types of junctions that would be expected in real break junction experiments. Note, the stability and appearance of the Au-Au 2 -Au structure and other similar low-coordination structures are supported by density functional theory calculations. 27, 28 Each junction is evolved at 77 K (a common temperature in experiment 9 and simulation 16 and Au and intramolecular interactions within BDT are described using the universal force field. 32 Electrostatic interactions are described using the Coulombic potential, with partial charges residing on BDT atoms derived from our prior work. 33 Further details are included in the Supporting Information.
Conductance Calculations. Conductance calculations are performed using the geometries extracted directly from the hybrid MD/MC simulations; no geometry optimizations are performed within the DFT framework. The zero-bias conductance, given by G = T (E F )G 0 , where T is the transmission probability, E F is the Fermi level of the electrodes, and G 0 = 2e 2 /h, is calculated using SMEAGOL, 34, 35 an electron transport code that interfaces with the DFT package SIESTA. 36, 37 Self-interaction corrected DFT is employed to accurately describe the energy level lineup between the molecule and leads. 19, 38 We obtain a conductance value of 0.06G 0 after optimizing the geometry of junction 1 (using the classical force fields), which matches the value reported in prior studies of ideal Au-BDT-Au junctions, 19,38 thus validating our force fields and the conductance calculations. This value of conductance (0.06G 0 ) along with most of the other values shown in Figure 1 are higher than the most-probable value (0.011G 0 ) reported in some experiments, 9, 15 while falling in the range of values measured in other experiments. 6, 14 As pointed out in several previous studies, 39-41 the long-standing discrepancy between the experimentally measured and theoretically calculated value may be due to shortcomings in the theory, structural differences between the experimental and theoretical junctions, or some other factor. Nevertheless, these differences are immaterial for the present work since the focus is on relative conductance differences rather than the exact values of conductance. Further details are included in the Supporting Information.
Note that we do not consider vibrational effects in the conductance calculations, instead focusing only on elastic transport processes. It has been shown 42 that vibrational effects are negligible for BDT connected to Au tips, and for Au nanowires vibrational effects are small compared to the total transmission. 43 We therefore expect a small vibrational contribution to the transport for our Au-BDT-Au structures. 
